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Abstract 

The massive neutrino radiative decay Vi Vj^ [i ^ j) is investigated within the Mini- 
mal Quark-Lepton Symmetry of the Pati-Salam type based on the SU (4)y x SU{2) i x Gr 
group in an external constant crossed field {£ -L H, £ = H). The matrix element AM^^^ 
and the decay probability W^^^ due to the leptoquark X contribution are analysed. The 
effect of significant enhancement of the neutrino decay by the crossed field takes place. It 
is shown that the leptoquark contribution to the decay probability can dominate over the 
VF-boson one in the case of strong suppression of the lepton mixing in the framework of 
the SM. 
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1 Introduction 



The Standard Model (SM) successfully describes all the available experimental 
data obtained at currently accessible energies. Although significant progress 
has been achieved in experimental studies of electroweak processes, some prob- 
lems that are important for the theoretical description of elementary-particle 
physics remain unresolved. The phenomenon of fermion mixing in charged weak 
currents (whose mechanism has yet to be understood) is among the most in- 
triguing problems of this kind. Mixing in the quark sector is described by the 
Cabbibo-Kobayashi-Maskawa (3 x 3) unitary matrix Vij. It is known to a rather 
high accuracy , and the information about mixing parameters is continually 
refined. It is natural to expect that a similar mixing phenomenon occurs in the 
lepton sector of the SM as well, provided that the neutrino mass spectrum is 
nondegenerate. It may lead to such interesting phenomena as neutrino oscil- 
lations []2|, rare decays with lepton number violation of the types fi ^ 0], 
/i 677 [Ml' ^ ^jT [05 ^ ^j77 [Ml, and other processes "forbidden" by the 
law of conservation of lepton number. Notice that both oscillations and above- 
mentioned radiative decays are continuously searched for in experiments [0, |7| . 

It is necessary to stress that the probabilities of these decays are strongly 
suppressed in the SM due to the well-known GIM cancellation by the factor 



conclusion that processes with such low probabilities can hardly be observed 
under laboratory conditions. It is worth noting that an additional type of sup- 
pression due to small mixing angles can appear. The experimental searches 
for neutrino oscillations, the main source of information on the lepton mixing 
angles, show that the mixing angles are most likely to be small. All attempts 
to find a possible manifestation of lepton mixing have given up to now negative 
results. 

On the other hand, the continuing interest in neutrinos involving processes 
is due to that the study of their properties may lead to new physics beyond 
the SM []7j]. It is conceivable that new symmetries will successively manifest 
themselves in experiments with increasing energy of colliding particles and that 





The small values of lepton masses with respect to the VF-boson mass lead to the 
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SU (2) X ?7(l)-symmetry of the SM is merely the first level in the as-yet-unknown 
hierarchy of symmetries. In this connection, it is interesting to find the next (in 
energy) level in this hierarchy. This brings up the question of what symmetry 
is restored after the electroweak one and of what mass scale follows Mw- There 
is a possibility of extending the SM in such a way that the rare radiative lepton 
decays: 

1) take place in the absence of lepton mixing in the SM, 

2) are not subjected to the above-mentioned strong suppressions. 

We have in mind the Minimal Quark-Lepton Symmetry of the Pati-Salam type 
based on the SU (4)i/ x SU (2) l x Gr gauge group, in which the lepton number is 
interpreted as the fourth color [g] . Let us assume that the right-hand symmetry 
Gr is restored on a considerably higher mass scale than SU{A)v] therefore, 
we do not specify the subgroup Gr. Fractionally charged color X bosons - 
leptoquarks - which are responsible for the quark-lepton transitions, are the 
most exotic objects in this model. It was shown in [)^ that a new type of mixing 
- mixing in quark-lepton currents - must be considered in this approach. The 
resulting additional freedom in the choice of parameters makes it possible to 
remove the lower bound on the vector-leptoquark mass Mx obtained from rare 
decays of tt and K mesons The only constraint that does not depend 
on mixing arises from the cosmological estimate of the width of the decay 
TT^ vv [|Tg: Mx > 18 eV. 

At present the investigation of electroweak processes in strong external fields 
are of special interest. In this case, the method of exact solutions of relativistic 
wave equations in external electromagnetic fields is quite effective and allows 
one to go beyond the perturbation theory and predict new phenomena. In 
particular, an external field can induce novel lepton transitions of the types 

~^ j) mi 5 ^ e [lIMl' forbidden by energy-momentum conservation in 

vacuum, and influence substantially the neutino processes with flavour violation 
(one-loop as minimum) [|r3|, [T^. 

In the present work we study the massive neutrino radiative decay Ui Vj^ 
{i 7^ j)within the Minimal Quark-Lepton Symmetry of the Pati-Salam type 
based on the SU (4)y x SU (2) l x Gr group in an external constant crossed field 
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2 The amplitude of Ui in the external crossed field 

2.1 The quark-lepton interaction Lagrangian 

The Lagrangian describing the interaction of the up-type fermion with the 
leptoquark has the form: 

Cx = ^^^H,{iyaaq')X: + h.c] , (2.1) 

where c is the SU{3) color index, the indices i and q correspond to the up- 
fermions: the neutrino states Ui and quarks q = w, c, i are the eigenstates of 
the mass matrix. The constant gs{Mx) can be expressed in terms of the 
strong coupling constant as at the leptoquark mass scale Mx, g1{Mx)/^T^ = 
as{Mx)- Our knowledge of the properties of the unitary matrix U is restricted 
to the fact that the product of lA and a similar matrix T) in the interaction 
Lagrangian of (io wn-fermions with leptoquarks equals the standard Cabbibo- 
Kobayashi-Maskawa matrix: V = lA^V. 

If the momentum transferred k'^ <C Af|^, then the Lagrangian leads 
to an effective four-fermion interaction of the quark-lepton vector currents. By 
using the Fiertz transformation, it can be presented as the interaction of the 
scalar, pseudoscalar, vector and axial vector lepton and quark currents: 
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[2.2) 



In constructing the effective Lagrangian of lepton-quark interactions, we must 
take QCD corrections into account, which can be estimated according to well- 
known procedures [jT5|. In our case QCD corrections are reduces to the en- 
hancement factor for the scalar and pseudoscalar couplings [|T5j. However, as 
we shall see later the scalar and pseudoscalar currents give small contribution 
to the ultrarelativistic neutrino decay with respect to the axial current. By this 
means taking into account QCD corrections isn't essential in this case. 
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Figure 1: 

2.2 The amplitude of Ui uj^ decay 

The amplitude of the neutrino radiative decay in the one-loop approximation 
is described by the Feynman diagram, represented in Fig.l, where double lines 
imply the influence of the external field in the propagators of intermediate 
fermions (/ = /, ^; / = e, /i, r, g = w, c, i). The field-induced contribution to the 
matrix element AM is: 



AM = AM(^) + AM(^), (2.3) 

where AM and AM^^) are the contributions from VF-boson and leptoquark 
X, respectively. The purpose of this paper is to investigate the leptoquark 
contribution to this process as the VF-boson one was investigated in detail in 
the uniform magnetic field [|T3j and in the monochromatic wave field [|T^ . The 
crossed field limit of the VF-boson contribution to the amplitude AM^^^ can be 
obtained, for example, from the matrix element AS* {i ^ j) [jT^ in the regular 
way when the wave frequency cu tends to zero with fixed field strengths. 

The expression for the AM*^^-* corresponds to Fig.l with / = / and can be 
presented in the form: 



eGp 
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+ oLrt (^^^~*^ ^^^^^ ^'^-'^"^'^ + \ ^^^^^ ^'^'^"^'^ ) }' 

here /c and e are the 4- vectors of the momenta of the initial and the final 
neutrinos and the photon, and the photon polarization, respectively; mi is the 
mass of the intermediate charged lepton /; ICn is the unitary lepton mixing 
matrix of Kobayashi-Maskava type; F^jy and F^j, = e^jyQ,^ Fq,^/2 are the tensor 
and the dual tensor of the constant crossed field; e > is the elementary charge; 
Gp is the Fermi constant. In equation ( PT4|) J^^„{rif) (i = 1,2,3, cr = ±1, / = 
are the integrals of the Hardy-Stokes function f{r]f): 



dtr]ff{T]f), 



(2.5) 



i du exp 



-I {rifU + —) 



1 



eVkFFk) [l-t^y 



1/3 



The functions Ji ailf) ( |2T5|) are presented in the general form, as the amplitude 
we shall analyze below can be written in terms of the integrals Ji^aiVg)- 
Let us discuss more detail the field-induced leptoquark contribution AM^^^ 
to the amplitude AM. In the second order of the perturbation theory, the 
expression for the matrix element AM^^^ of the decay corresponding to Fig.l 
with f = q has the form: 



IVIX q^u,c,t 



X 



^ iy,iy,)Sp[S{-X)S{X)^p] 
^jl^^i) Sp [S{-X)j5S{X)-fp] 



[2.6) 
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- \ {T^jlalbT^i) Sp [S{-X)-fa-f5S{-X)-fp] | , 

where Cq = eQq, Qq is a relative quark charge in the loop. 

The propagator of the quark S{X) in the crossed field in the proper time 
formalism [jr7|] can be represented in the following form: 



Six) ^ -I^/J[^(^7) + f (XF,h. (2.7) 
<{XFF^)+mq-'-^{^F^) 
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X exp 



1 se^ 



m\s + —X^ + -^{XFFX) 



4s 12 



where X^ = [x — y)^] 7^, 75 are Dirac 7-matrices (where 7^ = — '^7^7^7^7^), TUq 
is the mass of the wj9-quark in the loop. 

The integration of the amplitude ( |2.tj| ) with respect to X can be redused to 
the Gaussian integrals: 

= /d^^^,e-a^GX + fcX)^^^_ (2.8) 
= Id'X X,X„e-» (i^GX + kX) ^ _ 

2 

Gap = ^^gap + {s + r)^{FF)af3, 

ST 6 



where s and r are the proper time variables. With (|2.V| ) and the invariant 
amplitude ( |2.t3|) can be presented in the form: 
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X I - + i^n^^^y-^JiM (2.9) 

As can be readily checked, the amplitude ( |2.9|) is evidently gauge invariant, 
as it is expressed in terms of the tensors of the external field F^jy and the 
photon field ff^„. We note that this expression does not contain the suppression 
factor ~ rriq/Mx <C 1 which is analogous to the well-known GIM suppression 
factor ~ mf/Myf^ <C 1 of the decay amplitude Vi Vjj in vacuum 0. Below 
we analyze a physically more interesting case of the ultrarelativistic neutrino 
decay {E„ ^ rn„). 

2.3 Ultrarelativistic neutrino {E^y ^ niy) 

Notice that in the ultrarelativistic limit the kinematics of the decay Vi{p) 
i^jip') + 7 (A:) is such that the momentum 4- vectors of the initial neutrino p and 
the decay products p' and k are almost parallel to each other. As the analysis 
shows, the contribution due to the interaction in the axialvector currents domi- 
nates in the expression for amplitude which can be simplified and reduced 
to the form: 



^ ^. ^^^.^ PI ^ ^^^^^^ ^ ^^^^^ 

< Jl{r]q) > = UiqU*qJl{mq). 

q=u,c,t 

In this case, the argument ijq of the Hardy-Stokes function f{r]q) in the integral 
Jiilq) (see Eq (|2.5|) ) assumes the form: 



l + x){l-t^) 1 




(2.11) 
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2 ^ elipFFp) 

where x = cos 9^9 is the angle between vectors p (the momentum of the decaying 
ultrarelativistic neutrino) and k' (photon momentum in the rest system of the 
decaying neutrino Ui). xl is the dynamic parameter which corresponds to the 
up-quavk with the charge Cq and the mass niq. Notice that, as FF = FF = in 
the crossed field, the dynamic parameter is the single field invariant, by which 
the decay probability is expressed. 



3 The neutrino decay probability 

The decay probability W^^^ due to the leptoquark contribution can be expressed 
in terms of the integral of the squared amplitude over the variable x: 



rriA 



dx lAM^p 



al{Mx] 



97r E^M\ 

+1 



{pFFp) 1 



(3.1) 



X 



dx 



-1 



l-x) + 



'1 + x 



Using the asymptotic expansions of the Hardy-Stokes functions both at large 
and small values of its argument 



MXq) = 0{Xq), X, <1, 

Mxq) = -i + o(x,'/'), x,»i, 

and the unitarity property of mixing matrix Uij, we present here the expression 
( p.i|) in the most reasonable case of the values of the dynamic parameter Xu ^ 1, 
Xc,t <C 1: 
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Here the strong hierarchy of the dynamic parameter Xq {Xu '■ Xc '■ Xt = "^u^ '■ 
: m^^) was taken into account. Because the dynamic parameter Xq ~ 
{Ey/mq){F/Fq) is proportional to the neutrino energy, we can see from (^T2]) 
that, as the energy of the decaying neutrino increases, the decay probability 
increases linearly. It is worth noting, that consideration of the other limit values 
of the dynamic parameter xt(l — m^/mf) ^ 1 (although it isn't a physically 
realistic case) shows that W'^^'' becomes finally a constant: 

^ 28.8 i^f Wv5^ |C/.,C/;,|^ (3.3) 

It is of interest to compare the contributions to the decay probability due 
to the VK-boson and the leptoquark X for the following values of the dynamic 
parameters Xu, Xe > 1, Xc,<, XA*,r < 1: 

W^^) 9 \ a ) \MxJ li^^ei^leP 



12 /looTwy HuU;j' 



It follows from ( |3.4| ) that if the mixing in the lepton lector of the SM is strongly 
suppressed the leptoquark contribution VF*^^) can dominate over VF*^^). 
Comparing ( [j.2|) with the decay probability Vi Ujj in vacuum [0] : 

27a Gl mf ( rUrY I. I. 



327r 1927r'^ E^^ \mw / \ mf ) \ mf ) ■' 

we can see the catalyzing influence of the external field on the neutrino radiative 
decay in the SU {A)y x SU (2) l x Gr Model in case of the leptoquark contribution 
to the decay probability: 



W^""^ 211 _ la,{Mx)\ 2 (Mw\^ fMw\^ HuU, 

sm Ky\Y 



* 12 



Wo 9 \ a J \mj \ rur J \Mx ) \K,rK*^\^ 

[mj [ Mx J \K,rK*,\^ ^ ^ 
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Such a gigantic enhancement is that the external field removes the main sup- 
pression caused by the smallness of the neutrino mass. 



4 Conclusion 

The infiuence of the external crossed field on the massive neutrino radiative 
decay Vi Vj^ [i ^ j) was studied in the framework of the Minimal Quark- 
Lepton Symmetry of the Pati-Salam type based on the SU (4)y x SU (2) l x Gr 
group. The matrix element AM''^^ and the decay probability ly(^) due to the 
leptoquark X contribution were obtained. 

1. The most substantial manifestation of the catalyzing infiuence of the 
external field is that the field removes the main suppression associated with the 
smallness of the mass of the decaying neutrino (in vacuum this suppression is 
Wq ~ (ml/E,^)^ for decay in fiight). The decay probabilities ( ^72\) and ( [?73|) 
do not depend of the specific neutrino masses, if only the threshold factor 
(1 — mj/m^) is not close to zero. 

2. In the expressions ( pT2|) and ( |373|) the suppression factor ~ m^/M^ <C 1 
which is analogous to the well-known GIM suppression factor ~ m^/M^ <C 1 
of the decay Ui Vj^ in vacuum is absent. 

3. The leptoquark contribution to the decay probability can dominate over 
the VF-boson one (see eq. ( pnp ) in the case of the strong suppression of the 



lepton mixing in the framework of the SM: 



Mx \ 
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